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Abstract 
In this work three cold-setting refractory concretes using the chemical magnesia-phosphate bond were prepared. A 
mixture of calcined alumina, microsilica, magnesium oxide and phosphoric acid was designed to form cordierite during 
the heating. This cementitious paste acts like a matrix in which the aggregates are embedded. Three different aggregates 
were used: cordierite-mullite (C), mullite chamotte (M) and tabular alumina (T) with the objective to analyze its behaviour 
and the matrix-aggregate interaction. These concretes set at room temperature, being observed by XRD, in addition to the 
typical reflections of each aggregate, the presence of MgHPO4·3H2O (newberyite) in low proportion and predominantly 
amorphous phase. At 110 °C were not detected crystalline hydrated phosphates. At 1100 °C was formed aluminium 
orthophosphate, AlPO4 cristobalite type. At 1350 °C the matrix was transformed into cordierite-mullite, being also 
detected small amounts of Mg3(PO4)2. Although the phases developed in the matrix during heating were similar for three 
concretes, performance at elevated temperatures was different. The possible causes of unsatisfactory behaviour of 
concretes made with aggregates of mullite chamotte and tabular alumina were analyzed. The main properties of concrete 
made with cordierite-mullite aggregates were presented. 
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1. Introduction 
The refractory industry has used for many years the bonding properties of numerous phosphatic materials 
due to the high melting point of certain phosphates. The properties of some compositions of cold-setting and 
by heating are used to design chemically bonded refractories. The first literature on phosphate bond was 
reviewed by Kingery, 1950 and then by Cassidy, 1977. The reaction responsible for the cold-setting is an 
acid-base reaction between compound of magnesium and phosphates in aqueous solution, being the reaction 
product normally a salt or hydrogel with bonding properties, Sharp and Winbow, 1989. The setting time is 
controlled by the type of magnesia, the phosphate concentration, the magnesia/phosphate relation and the use 
of retarders. Fast-setting compounds have been used mainly for repairs of roads, bridges, runways, etc. where 
it is necessary to minimize the time outside of service, Sarkar, 1990; Popovics et al., 1987; Seehra et al., 1993. 
In this work, refractory concretes of chemical magnesia-phosphate bond were prepared using a matrix 
constituted by calcined alumina, microsilica, magnesium oxide and phosphoric acid and three different types 
of refractory aggregates in order to analyze their behaviour and the matrix-aggregate interaction. 
2. Experimental procedure 
Three types of concretes were prepared using different aggregates: grains of cordierite-mullite (C), grains 
of mullite chamotte (M) or grains of tabular alumina (T). The grain size distribution ranged from mesh 8 up to 
50 (ASTM). The characteristics of these aggregates (type, origin, grain size distribution, chemical analysis, 
specific weight and apparent porosity) are presented in the Tables 1, 2 and 3.          
Table 1. Type and origin of the aggregates   
 
 
 
 
 
   
Table 2. Grain size distribution 
 
 
 
 
 
 
 
 
(*)  Passant particle (-), retained particle (+) 
 
 
Table 3. Chemical analysis, apparent specific weight and apparent porosity of the aggregates 
Aggregate Type Origin 
C 
M 
T 
Cordierite-mullite 
Mullite chamotte: Mulcoa 60 
Tabular alumina: Al2O3 99.7% 
Industrial waste 
C-E Minerals 
C-E Minerals 
Sieve (Nº) Opening of mesh (mm) Amount of aggregate (%) 
-8 +14 (*) 
-14 +35 
-35 +50 
-50 
2.38 – 1.41 
1.41 – 0.50 
0.50 – 0.30 
< 0.30 
50 
37 
10 
3 
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Aggregate 
SiO2   
(%) 
Al2O3 
(%) 
Fe2O3 
 (%) 
CaO 
 (%) 
MgO 
 (%) 
Na2O 
(%) 
K2O 
 (%) 
TiO2 
(%) 
P2O5 
 (%) 
Apparent 
specific 
weight 
(g cm-3) 
Apparent   
Porosity 
(%) 
C  
M 
T  
40.20 
37.80 
0.03 
51.58 
58.60 
99.70 
1.52 
1.13 
0.13 
0.10 
0.06 
0.04 
4.23 
0.07 
--- 
0.22 
0.07 
0.14 
0.80 
0.04 
--- 
1.08 
2.21 
--- 
<0.01 
  0.10 
  ---- 
1.97 
2.80 
3.50 
26.0 
3.2 
5.0 
 
The concretes were formulated with an aggregate/precursor relation of 60/40 in weight. The matrix was 
constituted with the precursor (P) formed by calcined alumina (Alcan, type S3G), magnesium oxide 
(refractory degree, calcined 1 hour at 1100 ºC, particle size under 75 m and 93.28% of MgO) and microsilica 
(Elkem Inc. Materials, type EMS 965) in the right proportions to obtain the stoichiometric cordierite 
composition on heating. These solids were mixed with an aqueous solution of orthophosphoric acid 85% (F). 
The paste was poured in prismatic metallic molds of 25x25x150 mm3 and vibrated. The setting took place 
quickly at room temperature (around 20 minutes) due to the chemical reaction between the magnesia and 
phosphoric acid. The conformed probes were dried at room temperature and at 110 ºC until constant weight. 
Then, they were calcined 2 hours at 1350 ºC in electric furnace in air atmosphere. The concretes prepared 
with cordierite-mullite aggregates were denominated C-P-F, with aggregates of mullite chamotte M-P-F and 
with aggregates of tabular alumina T-P-F.  
The crystalline phases were analyzed by X-ray diffraction (XRD) with a Philips PW 3710 equipment, 
using Cu-KD radiation (O=0.154 nm). The cold flexural strength (MOR) was measured using a T22K-type 
equipment from J. J. Lloyd Instruments Limited. The hot flexural strength (HMOR) was measured at 1200 ºC 
in a Netzsch equipment, 422 model, at constant load rate. The thermal shock resistance was evaluated through 
the loss of flexural strength after three cycles of heating at 1000 ºC during 1 hour and rapid cooling by water 
immersion at 20 ºC (MORch). The dynamic modulus of elasticity (E) was determined using the method of 
resonance frequency with a Grindo Sonic equipment, MK5 model. The thermal expansion coefficient (D) was 
determined with a Netzsch dilatometer, at 5 ºC min-1, between 25 ºC and 1000 ºC in specimens of 10x10x50 
mm3. The apparent porosity of the materials was determined by the immersion method in water (ASTM C-
20).  
3. Results and discussion  
In the Figure 1 are showed the XRD patterns of the three aggregates used in the elaboration of the 
concretes. The cordierite-mullite aggregate (C) presented cordierite (2MgO·2Al2O3·5SiO2) like majority 
crystalline phase, mullite (3Al2O3·2SiO2) in smaller proportion and like minority phases: alumina (Al2O3), 
quartz (q-SiO2) and spinel (MgAl2O4). The mullite chamotte aggregate (M) presented mullite like main phase 
and alumina like secondary phase. The tabular alumina aggregate (T) presented D-alumina mainly and traces 
of E-alumina. 
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Figure 1. XRD of the aggregates (C=cordierite, M=mullite, A=D-alumina, E=spinel, q=quartz, E=E-alumina) 
In the Table 4, the phase evolution of the P-F matrix on heat treatment is resumed, Hipedinger et al., 2002. 
The detected crystalline phases at room temperature (20 ºC) were alumina, magnesia and newberyite 
(MgHPO4·3H2O). Although initially other crystalline hydrates were formed, MgHPO4·7H2O for example, 
finally the stable phase at long times was the newberyite. The elevation of the background between 15 and 30 
º2T demonstrates the presence of an amorphous phase, probably constituted by microsilica and hydrated 
magnesium phosphates. With the drying at 110 ºC the dehydration of the crystalline phosphatic compounds 
took place, remaining in amorphous state and acting like bonding phase. At 750 ºC (2 hours) was observed the 
formation of magnesium pyrophosphate (Mg2P2O7) and the beginning of the crystallization of the microsilica 
like tridymite (t-SiO2), of the aluminum phosphate in tridymite form (t-AlPO4) and of the farringtonite     
(Mg3(PO4)2), acting as a bond in hot conditions. It is known that AlPO4 and SiO2 have practically the same 
polymorphic transformations. The heating at 1100 ºC (2 hours) produced the crystallization of the microsilica 
in cristobalite form (c-SiO2) with the consequent reduction of the background. Finally at 1350 ºC (2 hours) the 
cordierite phase (2MgO·2Al2O3·5SiO2) was obtained, accompanied by something of mullite (3Al2O3·2SiO2) 
and a very small proportion of aluminum phosphate (in cristobalite form) and magnesium phosphate 
(farringtonite). Practically it was not detected alumina neither magnesia without reacting. 
In Figure 2 the aspect of the concrete probes prepared with different aggregates after the calcination at 
1350 ºC is shown. The behaviour of the concrete with cordierite-mullite aggregate (C-P-F) was satisfactory. 
However, the behaviour of the concretes with aggregates of mullite chamotte (M-P-F) and tabular alumina    
(T-P-F) was not the expected one for a refractory material, although these aggregates were denser and much 
less porous than the cordierite-mullite aggregate and they required 10% less of water in the preparation. 
Probes M-P-F conserved their prismatic form but they were bended, being observed accumulation of fine in 
the surface and greater porosity than concretes C-P-F. The probes of concrete T-P-F (with aggregate/precursor 
relation of 60/40) were deformed completely when they were calcined at 1350 ºC, presenting pores of up to 8 
mm of diameter. 
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Table 4. Main crystalline phases of the matrix by XRD 
 
 
 
          
 
 
Figure 2. Aspect of the probes calcined at 1350 ºC 
Temperature P-F matrix Intensity  
20 ºC  
Alumina (Al2O3) 
Magnesia (MgO) 
Newberyite (MgHPO4·3H2O) 
High 
Medium 
Low 
110 ºC 
Alumina (Al2O3) 
Magnesia (MgO) 
High 
Medium 
750 ºC 
Alumina (Al2O3) 
Magnesia (MgO)  
Mg pyrophosphate (Mg2P2O7)  
Farringtonite (Mg3(PO4)2) 
Silica/Al phosphate (tridymite)  
High 
Medium 
Low 
Low 
Low 
1100 ºC 
Alumina (Al2O3) 
Magnesia (MgO)  
Farringtonite (Mg3(PO4)2) 
Silica/Al phosphate (tridymite) 
Silica/Al phosphate (cristobalite) 
High 
Medium 
Medium 
Low 
Very high 
1350 ºC 
Cordierite (2MgO·2Al2O3·5SiO2) 
Mullite (3Al2O3·2SiO2) 
Farringtonite (Mg3(PO4)2) 
Al phosphate (cristobalite) 
Very high 
Medium 
Low 
Low 
430   N. Hipedinger et al. /  Procedia Materials Science  1 ( 2012 )  425 – 431 
In order to explain this behaviour, it was analyzed by XRD the crystalline phases of these concretes at 
different temperatures, being summarized the results in the Table 5. 
Table 5. Crystalline phases observed by XRD of the concretes at different temperatures. (Intensity) 
Temperature C-P-F M-P-F T-P-F 
20 °C 
 
Cordierite (high) 
Mullite (low) 
Alumina (medium) 
Magnesia (low) 
Newberyite (very low) 
Mullite (high) 
Alumina (medium) 
Magnesia (low) 
Newberyite (very low) 
 
Alumina (high) 
Magnesia (very low) 
Newberyite (very low) 
 
110 °C 
 
Cordierite (high) 
Mullite (low) 
Alumina (medium) 
Magnesia (low) 
Mullite (high) 
Alumina (medium) 
Magnesia (low) 
 
Alumina (high) 
Magnesia (very low) 
 
1100 °C 
 
Cordierite (high) 
Mullite (low) 
Alumina (low) 
Magnesia (very low) 
Cristobalite Si/Al (very high) 
Farringtonite (very low) 
Mullite (high) 
Alumina (medium) 
Magnesia (low) 
Cristobalite Si/Al (high) 
Farringtonite (very low) 
Alumina (high) 
Magnesia (very low) 
Cristobalite Si/Al (medium) 
Farringtonite (very low) 
1350 °C 
 
Cordierite (high) 
Mullite (low) 
Magnesia (very low) 
Cristobalite Si/Al (very low) 
Farringtonite (very low) 
Cordierite (medium) 
Mullite (high) 
Alumina (very low) 
Magnesia (very low) 
Cristobalite Si/Al (very low) 
Farringtonite (very low) 
Alumina (high) 
Cordierite (low) 
Mullite (low) 
Farringtonite (very low) 
 
As it can be observed in Table 5, the present phases at 1350 ºC always were cordierite and mullite, plus the 
phase of the used aggregate (cordierite in the C-P-F, mullite in the M-P-F and alumina in the T-P-F). When 
the aggregate/precursor relation was increased to 75/25 (instead of 60/40) the behaviour at high temperature 
of the concrete T-P-F improved but the deformation of the probes was even high (to see Figure 2). The 
smaller proportion of precursor in relation to the aggregate produced minor amount of liquid and in 
consequence smaller deformation. An explanation to the unsatisfactory refractory behaviour of the M-P-F and 
T-P-F concretes would be that, due to the scarce porosity (5%), high density (2.8 g cm-3) and high 
refractoriness (1800 ºC) of the aggregates of mullite chamotte and tabular alumina, the phosphatic precursor 
(matrix) does not interact with these aggregates and when reaching temperatures near to 1350 ºC the 
excessive amount of liquid causes the deformation of the probes. This fact was more notorious for the 
concretes prepared with tabular alumina aggregates. In the concretes with cordierite-mullite aggregates is 
probable that at temperatures next to 1350 ºC the smallest grains of the aggregate are dissolved in the matrix 
increasing their melting point and diminishing in this way the amount of liquid. This process is favored by the 
high porosity of the cordierite-mullite aggregate (26%) that allows a greater interaction of the phosphatic 
matrix with the surface of the aggregate and by the high basic character of this aggregate with regard to the 
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one of mullite chamotte and tabular alumina, Hipedinger, 2007. In Table 6 the values of the cold modulus of 
rupture (MOR), hot modulus of rupture (HMOR), cold modulus of rupture after thermal shock with three 
cycles of heating-cooling 1000-20 ºC (MORch), dynamic modulus of elasticity (E), coefficient of thermal 
expansion 25-1000 ºC (D), apparent specific weight (P.E.A.), apparent porosity (P) and permanent linear 
variation (VLP) are presented for C-P-F concrete calcined at 1350 ºC.   
Table 6. Properties of the concrete C-P-F 
MOR 
(MPa) 
HMOR 
(MPa) 
MORch  
(MPa) 
E 
(GPa) 
D x 106 
(ºC-1) 
P.E.A. 
(g cm-3) 
P 
(%) 
VLP 
(%) 
10.4 12.7  2.9 31.3  0.9 1.74 29.4 -0.9 
4. Conclusions  
x The reaction between magnesium oxide and phosphoric acid can be used as chemical bond in this type of 
refractory concretes due to the fast setting at room temperature.   
x The evolution of the phases on heating for the concretes with different type of aggregates was similar. 
However, the amount of glassy phase formed at high temperature was greater for the concretes with 
aggregates of mullite chamotte and tabular alumina, causing a considerable deformation.   
x A mechanism of dissolution of the small particles of the cordierite-mullite aggregate is of supposing that it 
happens, increasing the melting point of the material and being, therefore, able to support temperatures 
around the 1350 ºC.   
x The concrete with aggregate of cordierite-mullite presents very low coefficient of thermal expansion, good 
mechanical resistance at cold and hot conditions and acceptable thermal shock behaviour.   
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